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MECHANISM OF DUST PARTICLES SETTLEMENT AND COAGULATION BY
ELECTRIC PRECIPITATORS AT GRAIN PROCESSING ENTERPRISES

Research article

Abstract

The article presents the results of modeling the process of dust deposition and determining the most efficient parameters of
electric precipitators for air purification of the workplaces of operators of technological lines of flour mills and grain
processing enterprises. It also provides a mechanism for dust coagulation during the operation of electrostatic precipitators.
The study is relevant because the air working zone and the air of milling and grain processing enterprises, in particular,
contains suspended aerosol with volatile fractions of organic substances. It has a negative effect on both the health of workers
and the efficiency of production equipment. The efficiency of the proposed model of dust deposition from the air of the
working zone is based on the use of electric charges on dispersed particles, which in turn makes the aerosol sensitive to the
external electric fields.
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MEXAHUM3M OCAXKIEHUA U KOATYJIAIIUU ITBIVIEBBIX YACTHULL
IJIEKTPO®PUJIBTPAMUN HA 3EPHOIIEPEPABATBIBAIOLIIUX
HPEAITPUATUAX

Hayunas crates

AHHOTaNUs

B craree mnpuBOmATCS pE3yNIBTaThl MOJIEIMPOBAHUS TIpOLECCAa OCAKACHHWS NBUIM M ONPENENICHHS ONTHMAJIbHBIX
HapaMeTpoB IEKTPOPUILTPOB ISl OUYUCTKH BO3yXa pabOuMX MECT ONEpaTOpOB TEXHOJIOTHUECKHX JIMHUI MYKOMOJIBHBIX U
3epHOINEPepadaTHIBAIONINX NPEANPUSATHH. A Tak)Ke MPUBOIUTCS MEXaHU3M KOaryJisiliuK IbUTH IpH padoTe 3IeKTpOo(UIETPOB.
JaHHOoe wuccienoBaHME BBI3BAHO TEM, 4YTO B BO3JAyXe paboueil 30HBI M, OCOOEHHO B BO3/AyXe MYKOMOJBHBIX W
3epHONepepadaTHIBAIONINX IPEANPUATHIL. MOCTOSIHHO COAEPIKUTCS B3BEIICHHBIH a’3p030iib, COICPKAIIMi JeTyune (pakuun
OpraHMYecKUX BeIlecTB. UTo OKa3bIBaeT OTPHLATEIFHOE BO3EHCTBHE KaK Ha 30pPOBbEe PA0OTHUKOB, TaK M Ha 3 (HeKTUBHOCTD
paboTBl TPOM3BOACTBEHHOTO 000pymoBaHMA. B 000CHOBY 3((EKTHBHOCTH TpeajaraeMoil MOIENH OCAXKICHHS IIBUIH W3
BO3IyXa paboueii 30HBI 3aJ0KEHO NPHUCYTCTBHE JICKTPUYECKHX 3apsAIO0B HA IHCHEPCHBIX YacTHIAX, YTO B CBOIO OYepenb
JeJ1aeT a’po30Jib YYBCTBUTEIBHBIM K HAJINYUIO BHEIITHUX AJICKTPUYSCKUX ITOJIEH.

KirodeBble €10Ba: 351eKTpo(MIbTP, KOATYJSIUWS, KOPOHHBIA pa3psii, MydHas W 3CPHOBAsl IbLIb, JJICKTPHYCCKHE
3apsilibl, JUCIEPCHBIE YaCTHUIIBI.

1. Introduction

At present, there is a significant excess of the norms of maximum permissible concentrations (MPC) for the content of dust
particles in the air at flour mills and grain processing enterprises in Russia. According to the requirements of sanitary standards
concerning dust content and air cleanliness in workrooms should be maintained at a level not exceeding the MPC: 4 mg/m3 for
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grain dust and 6 mg/m3 for flour dust. As practice shows, in certain workplaces of operators of flour-grinding equipment, the
dust content of air exceeds the permissible values established by sanitary standards by 2—-20 times, which can cause severe
occupational diseases and a decrease in labour productivity. In addition, the high dust content of air significantly increases the
wearing of technological equipment [5].

Finely dispersed aerosol of grain and flour dust is suspended in the air. Without exposure, the colloidal system is stable as
there is almost no coagulation process. Even weak convection and Brownian motion of the particles in the air are sufficient to
neutralize sedimentation. The medium (air) is ionized at the initial moment to. The interaction of aerosol with ions leads to the
charging of its particles. The material of the particle is a dielectric; therefore, the ion field causes the polarization of the
particle. As a result, the ion and the aerosol particle interact with their fields. The nature of the ion-dipole interaction makes the
ion attract the particle. The polar fragments of dust molecules in the ion field are oriented so that a charge opposite to the sign
ion charge is induced on the particle surface. In addition to polar molecules, molecules with a zero dipole moment (dispersion
interaction) also participate in the polarization [3]. In this case, the molecule itself is polarized. Its electron shell is deformed by
the ion field.

At present, mechanical methods of reducing dust concentration are widely used at grain processing and flour production
enterprises and namely, supply and exhaust ventilation systems, in combination with cyclones, scrubbers, or cloth filters. The
use of mechanical dust collectors in the ventilation system does not significantly improve the air condition of the working area
regarding the dust content. This is due to some drawbacks of the devices used, such as the insufficient capacity of capturing the
predominant fine dust, high energy consumption, and large overall dimensions.

Based on the foregoing, it is proposed to use as an innovative dust removal technology - a method of electric filtration of
dusty air using electric precipitators. According to the research, electrostatic precipitators have some advantages over
mechanical and other types of dust collectors. The main advantages of using electric precipitators are the high efficiency of
cleaning under various conditions (high dust content, the presence of fine dust in the air, high temperature, humidity, and the
presence of high-speed airflow), low energy consumption (as a rule, they do not exceed 100-150 m*> W per 1000 m?),
simplicity and reliability of the design.

The developed and patented design of the studied electric precipitator (R.F. Patent 2008144413/12 (057920). Publ.
10.11.2008) enables the workers to effectively collect and precipitate dust from the working area of the operators of flour
milling and grain processing enterprises.

The electric precipitator contains housing, precipitation, and corona electrodes. The corona electrodes have the form of
sets of arcuate metal plates with corona needles placed on two opposite sides, and the corona electrodes are layered in the
housing, with increasing linear dimensions of the plates in the direction of the housing, alternating in the direction of gas flow,
whereas, the electric precipitator is equipped with a vibration generator of ultrasonic vibrations [7].

2. Methods

A pulsed negative corona is used for electric gas cleaning, i.e., negative voltage pulses of the rectified current will be
applied to the corona electrode. This is explained by the high mobility of negative ions in comparison with positive ones;
moreover, a negative corona enables maintaining a higher voltage without spark breakdown. In addition, the use of a negative
voltage pulse allows applying an even higher voltage to the corona electrodes without the risk of spark breakdown in the
interelectrode space, while the use of pulsed power supply significantly improves the quality of cleaning settling and corona
electrodes from settled dust in a dust collector [1].

The following factors influence the efficiency of the dust removal device at flour mills:

1) Um — the amplitude value of the pulse of the applied voltage at the corona electrodes, kV;

2) n—voltage pulse repetition rate, s-1;

3) ¥V —air velocity passing through the dedusting device, m/s.

In order to determine the most efficient combination of interrelated factors that influence the object under study, the
method of mathematical planning of the experiment is used. The chosen factors that affect the efficiency of the dedusting
device are quantitative; they meet the necessary requirements - compatibility and independence.

We take Y as an optimization criterion, the efficiency of the electric precipitator. To determine the efficiency of the electric
precipitator, we carried out continuous measurements of air dust at the inlet of the airflow into the electric precipitator and at
the outlet of the cleaned airflow from the electrostatic precipitator.

We use the planning of a second-order experiment to describe the results of experimental studies, which allows us to
obtain a representation of the response using a polynomial of the second degree. For this, a three-level, three-factor Box—
Behnken design was used. The three-level Box—Behnken design, are more economical in terms of the number of experiments
in comparison with the orthogonal planes and have properties of their own, in addition, the 3-level design is close to the D-
optimal one.

In this case, the average experimental error was € av = 0.000396%, and the maximum & max = 0.276%. The adequacy of
the obtained mathematical model was verified using the Fisher F-test.

3. Results

In accordance with the obtained mathematical model, the surfaces of the response function were constructed (Figs. 1-3).
The response surface is nothing more than a five-dimensional paraboloid.
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Figure 1 — The surface of the response function with varying parameters: U — voltage: n — pulse frequency at a fixed value
of V = 1.75 (centre of the experiment)
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Figure 2 — The surface of the response function with varying parameters: ¥ — air velocity; n — pulse frequency at a fixed
value U = 17 (lower limit)
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Figure 3 — The surface of the response function with varying parameters: V' — air velocity; U — voltage on the electrodes at
a fixed value of n =500 (upper level)

Analyzing the surface of the response function and the obtained mathematical dependence, we can conclude that the
parameters under study influence the effectiveness of reducing dust content in the air ambiguously. A significant dependence
of the optimization criterion Ui is observed on the influence of the voltage of the rectified current U, a noticeable effect is
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exerted by the velocity of the airflow passing through the dedusting device, and the frequency of voltage pulses is less
significant, which fully confirms the theoretical studies.

The data obtained provide the basis for working out the parameters of rational tuning of the proposed device according to
the criterion of increasing the efficiency of its operation, i.e., it is required to determine the voltage applied to the electrodes U,
the pulse frequency n and the airflow velocity through the proposed electric precipitator, whereby the electric precipitator
performance would be maximum [2].

4. The mechanism of charging the particles electrostatic precipitators

An electric precipitator activates the ion generation mechanism. Their source is a corona discharge [4]. The generator itself
is a high voltage source (of the order of several tens of kilovolts). One of its poles ends with a metal tip (needle); the second
one is grounded. The configuration of the first electrode determines the high intensity of the electric field at the tip of the
needle. In this regard, a corona discharge emerges at its end. It serves as a source of ions.

The formation of the equilibrium state of the adsorbate is associated with the compaction or dispersal of the adsorbate with
an increase in its mass and suggests the molecular exchange of the adsorbate with the gas phase.

A particle located in a suspended aerosol of air from the working zone is affected by the total field from the corona
electrodes and created by the charges on the dispersed particles themselves, that is, the field strength in the aerosol depends on
the degree of electrification. As this relationship is most obvious for the ionic charging mechanism, we consider it in this
model.

When a dielectric particle is charged in a corona discharge field, the charge density is determined only by the number of
ions deposited at a given point on its surface. Thus, the distribution of the ion flux density over the particle surface at any
moment depends on the distribution of the ion flux density. The ion drift velocity depends on the field strength and ion
mobility.

The bipolar effect is more durable than unipolar due to the Coulomb interaction, which allows increasing the efficiency of
dust-air stream cleaning. In an electrostatic field, Coulomb attraction prevails, which leads to the lateral attraction of particles
in the electric precipitator. In the case of a bipolar medium, the stationary charge can be determined from the expression:

Zs—l]E LA+ 4y 1 _[/11+/12]1/2

e+ 2 ).1—).2

1
=220 ) @

qss = 4me, [1 +

Where &— polar conductivity of the medium.
An analytical expression for the frequency of the capture of ions by a particle in an electric field is given in the work of
Klett, and is presented in the form:
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wheref; (x, ) — diffusion capture coefficient.

The analysis of the particle charge distribution shows that the stationary spectrum in the electric field differs more from the
normal one and provides an increase in the efficiency of ion charging of particles.

Due to the foregoing, the principle of the device operation is as follows. Dusty air enters the input shaft falling on the
corona electrodes located closer to the centre of the electric precipitator. When air with suspended dust particles passes through
the interelectrode space of the arcuate plate-shaped corona electrodes, the dust particles acquire a negative charge, move in the
direction of the gas flow to the precipitation electrodes, and are deposited on positively charged precipitation electrodes under
the influence of the electric field. Dust particles acquire a negative charge with the help of corona needles. The electrons
converge in the direction perpendicular to the gas flow. A step-by-step cleaning of dusty gas occurs when gas passes through
the levels of alternately arranged cylindrical settlement and arcuate plate-shaped corona electrodes towards the body. Further,
purified air leaves through a plastic case. Dust settled on the precipitation and partly on the corona electrodes is supposed to be
removed to the dust collecting hopper using an ultrasonic vibration generator that propagates vibration to the precipitation and
corona electrodes through a metal hose.

Dust is a colloidal system suspended in a gaseous medium, which means that generally, it is not uniform on a scale of the
average particle size of an aerosol. By this, we mean density fluctuations and randomly directed microflows in the medium
(convection, thermal diffusion, and diffusion). Highly dispersed aerosol particles are carried away by microflows and are
pushed by density fluctuations. All of the above leads to the random movement of aerosol particles in a Brownian picture.
Moreover, as is easily shown, the Stokes law serves as its determining factor.

F=6mnrvy, 3)
where F- viscous friction force, 1 - dynamic viscosity of the medium, r — particle radius, vy — particle velocity.
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The velocity of the aerosol particle at an arbitrary time t will be equal to the derivative of the distance x traveled in time,
ie.

ve=dx/dt=x". (4)

In a stream of air, two forces act on a particle: Stokes (3) and inertia, which, according to the D'Alembert principle, is

equal to the derivative of the particle's mass m by the acceleration of its movement, determined by the time derivative of
velocity (4):

Fr=mvy ®)

As the flow-particle system in the selected representation is isolated with respect to the entire colloid system, the sum of
these forces is zero. Hence, the equation of motion of the particle is as follows:

mvy+6mnrvy=0 (6)

Once in a flow with vy velocity, the particle is carried away by force Fc and is simultaneously slowed down by the force of
inertia. Therefore, its velocity in the coordinate system moving with the flow is

Va=V-V( (7)
As a result, equation (6) is rewritten in the form
mv=67nr(v-vo) (8)
Equation (8) is conveniently rewritten in exponential form
v=vo[ l-exp(-t/T)] )
Thus, for the motion of a particle in a viscous medium, we distinguish two sections: with a variable (slowed down or
accelerated) and constant (uniform) velocity.
In addition to this, to precipitate a colloid, one must also consider the motion of the particle in the field of gravity. At the
initial moment t=0, a spherical particle with radius r moves under the influence of gravity in a viscous medium with vo
velocity. Two opposing forces act on it: the gravity mg and Stokes 6mnrvy. The resulting force mg-6mnrvy, according to the

d'Alembert principle is equal to the product of mass on acceleration, i.e., the equation of motion of the particle should be
written as

mvp= mg-6Tnrvy (10)

Equation (10) is integrated; it is enough to separate the variables

mdvs/mg-6mmnrv.=dt (11)
This implies
Ln (mg-6mnrvy)=-6mnrt/m+C, (12)
where C is the integration constant.
For t=0 v4=vo. This means that
C=In(mg-6mmrvo) (13)

After substituting the found value of C in (10) and potentiating, we obtain
mg-6mnrvy/mg-6mnrvo=exp(-t/T), (14)

where T=m/67mnr is the characteristic time of motion of the particle.
As in the previous problem, for t>T, i.e. for a sufficiently long time

limexp(-t/T)=0 (15)
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Therefore, for t>T, the difference mg-6mnrvy also tends to zero and, thus, the particle begins to move uniformly with the
velocity

Voc=mg/6mnr (16)

The characteristic time T is rather small. Therefore, we can assume that the settlement of particles generally proceeds with
the velocity voc, given by the formula (16) [6].

5. Conclusion

In terms of statistics, the coagulation of dust in the air at grain processing enterprises should be considered as the result of
an inelastic collision of particles in a colloidal system. With a decrease in aerosol concentration, the probability of collision of
aerosol particles decreases quite quickly. In other words, at the initial stage, settlements proceed with coagulation or even as a
result of coagulation. With a decrease in particle concentration, the contribution of coagulation decreases, and the aerosol
settles mainly under the influence of gravity.

As a result of solving the system of equations by the Cramer method, we determined the conditions that will foster the
most efficient work of the device:

U=30 kB, n=400 c-1, V=1,5 m/c.

The obtained values of the operating parameters of the proposed model of an electrostatic precipitator can be used to
develop dust removal technology based on the phenomenon of corona discharge at the enterprises of the milling and grain
processing industries. The presented mechanism of aerosol electrification of flour and grain dust showed that this process is a
factor that significantly affects the kinetics of the aerosol; therefore, charging dispersed dust particles is considered an
important element in the aggregation of particles and, as a consequence, their removal from the air.
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